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Abstract 

MnFe2 04-carbon  black  (CB)  composite  powders  synthesized  by  a  co-precipitation  method  have  been  characterized  and  optimized  for  their 
electrochemical  properties  for  supercapacitor  applications.  The  composite  shows  pseudocapacitance  in  electrolyte  solutions  of  alkali  and  alkaline 
chlorides,  sulfates  and  sulfites.  For  the  chlorides  and  sulfates  electrolytes,  the  pseudocapacitance  has  been  identified,  by  in  situ  X-ray  absorption 
near-edge  spectroscopy  study,  to  involve  charge-transfer  at  both  the  Mn  and  Fe  sites  of  the  ferrite.  In  1  M  NaCl(aq),  the  composite  electrode 
exhibits  an  operating  potential  window  of  1.0  V  with  a  maximum  leakage  current  of  0.3  mAF-1,  and  it  exhibits  far  superior  cycling  stability  to 
amorphous  MnCb  electrode.  Both  the  specific  capacitance  and  self-discharge  behavior  of  the  composite  electrode  depend  strongly  on  the  composite 
composition.  The  optimum  capacitance  occurs  at  ferrite :CB  weight  ratio  of  7:3,  which  gives  reduced  self-discharge  rate  as  compared  with  CB. 
The  composite  electrode  also  demonstrates  capability  of  high-power  delivery. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Electrochemical  capacitor,  also  known  as  supercapacitor,  is 
a  promising  energy  storage  device  for  meeting  the  high-power 
electric  market  [1-3].  In  addition  to  the  well-established  carbon- 
based  electric  double-layer  capacitors,  there  has  been  continuing 
research  in  exploring  new  materials  exhibiting  pseudocapac¬ 
itance  behaviors  for  the  supercapacitor  applications.  Pseudo¬ 
capacitance  results  from  either  superficial  or  multi-electron- 
transfer  faradaic  reactions  with  fast  charge/discharge  properties. 
Electrochemically,  a  pseudocapacitor  behaves  like  a  capacitor, 
rather  than  a  galvanic  cell. 

The  first  known  pseudocapacitive  oxide  is  hydrated  amor¬ 
phous  ruthenium  oxide,  RuC>2  [4] .  Although  it  has  demonstrated 
specific  capacitances  up  to  700  F  g-1  and  high-power  density  in 
strong  acidic  aqueous  electrolyte  [5,6],  its  extraordinarily  high 
cost  has  limited  its  large-scale  applications.  Hydrated  amor¬ 
phous  manganese  oxide,  a-MnC>2,  was  subsequently  discovered 
in  1999  [7,8]  to  exhibit  pseudocapacitance  in  neutral  NaCl  and 
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KC1  solutions.  Because  of  its  low  cost  and  environmental  benig¬ 
nity,  the  manganese  oxide  has  ever  since  drawn  much  attention 
[7-11].  However,  its  poor  cycling  stability  is  the  main  obsta¬ 
cle  to  overcome.  Fe304  is  another  newly  discovered  inexpen¬ 
sive  pseudocapacitive  material,  exhibiting  pseudocapacitance  in 
alkali  sulfites  electrolytes  [12-14].  Its  pseudocapacitance  has 
been  shown  to  arise  from  redox  reactions  of  adsorbed  sulfite 
anions  involving  at  maximum  six-electron  transfer  [15].  It  is  the 
only  material  of  which  the  pseudocapacitance  is  associated  with 
anion,  rather  than  cations  as  in  the  cases  of  RuC>2  and  a-Mn02. 
However,  the  electron-transfer  kinetics  involved  may  not  be  fast 
enough  for  high-power  applications. 

We  have  recently  reported  [16]  that  some  crystalline  fer¬ 
rite  oxides,  particularly  MnFe204  and  CoFe204,  also  exhibited 
pseudocapacitance  in  NaCl  solution,  bearing  certain  resem¬ 
blance  to  a-Mn02.  In  this  work,  composite  powders  consisting 
of  nanocrystalline  MnFe204  and  porous  carbon  black  (CB)  have 
been  prepared,  and  they  were  characterized  and  optimized  for 
their  electrochemical  properties,  including  specific  capacitance, 
operating  potential  window,  leakage  current,  self-discharge,  and 
cycling  stability.  Comparison  was  also  made  between  the  current 
composite  powders  and  a-MnC>2  for  some  of  these  properties. 
In  brief,  the  MnFe204-CB  composite  exhibits  superior  cycling 
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stability  to  a-Mn02,  and  it  has  demonstrated  high-power  deliv¬ 
ering  capability. 

2.  Experimental 

MnFe203/carbon  black  (CB;  VULCAN®  XC72,  Cabot 
Corp.,  U.S.A.)  composite  powders  have  been  prepared  by  a  co¬ 
precipitation  method  in  alkaline  aqueous  solutions  as  follows. 
MnS04  was  dissolved  along  with  FeCl3  with  a  stoichiomet¬ 
ric  ratio  of  2:1  in  1M  HC1  aqueous  solution  with  bubbling 
N2.  The  solution  is  then  added  into  another  solution  that  con¬ 
tains  1.5  M  NaOH  and  suspended  CB  powder  under  vigorous 
stirring.  Black  precipitate  was  formed  immediately  upon  mix¬ 
ing.  It  was  found  that  the  CB  particles  sedimented  simulta¬ 
neously  with  the  oxide  precipitate,  suggesting  that  the  oxide 
component  was  homogeneously  combined  with  the  CB  parti¬ 
cles  during  the  synthesis  process.  The  supernatant  liquid  was 
then  decanted  and  fresh  de-ionized  water  was  added.  The  con¬ 
secutive  solution-decanting  and  water-replenishing  processes 
were  carried  out  to  remove  residual  anions.  The  powder  was 
prepared  by  drying  at  50  °C.  A  subsequent  calcination  pro¬ 
cess  was  carried  out  at  different  temperatures  for  2h  in  N2 
atmosphere. 

Amorphous  Mn02  (a-Mn02)  powder  has  also  been  prepared 
for  comparison  study.  The  powder  was  precipitated  by  mixing 
0.15  M  KMn04  and  0.15  M  MnSCU  aqueous  solutions  with  an 
Mn(VII)/Mn(II)  molar  ratio  of  2:3  at  25  °C.  After  thoroughly 
washed  with  de-ionized  water,  the  particles  were  finally  heated 
at  200  °C  for  1  h  in  air. 

Synchrotron  analyses  were  conducted  with  the  beam-line  01- 
C2  (for  X-ray  diffraction;  XRD)  and  17-C1  (for  X-ray  absorption 
near-edge  spectroscopy;  XANES)  facilities  of  the  National  Syn¬ 
chrotron  Radiation  Research  Center  (NSRRC)  in  Taiwan.  XRD 
was  performed  with  a  beam  wavelength  A  =  0.061993  nm.  For 
in  situ  XANES  experiment,  cyclic  voltammetry  (CV)  ran  at  a 
scan-rate  of  0.2  mV  s_1,  and  the  potential  was  stopped  at  each 
of  the  selected  values  for  10  min  for  data  collection.  The  test 
cell  was  made  of  acrylics,  and  the  two  sides  of  the  cell  were 
perforated  and  then  sealed  with  Kapton  foils  in  order  to  allow 
the  probing  beam  to  pass  through  the  cell. 

Transmission  micrographs  were  carried  out  on  a  transmis¬ 
sion  electron  microscopy  (TEM;  H7100).  BET  surface  areas  and 
pore  size  distributions  were  determined  by  nitrogen  adsorption 
(ASAP  2010,  Micrometries). 

Supercapacitor  electrodes  were  made  of  the  ferrite/CB  com¬ 
posite  powders,  PVdF  in  10wt.%  and  Ti-foil  current  collector, 
and  they  were  finally  dried  at  120  °C  for  6h  in  vacuum.  For 
the  a-Mn02  electrode,  the  oxide  to  CB  ratio  was  fixed  at  8:2  by 
weight,  and  it  was  dried  in  air.  Electrochemical  characterizations 
were  carried  out  with  a  three-electrode  cell  with  Pt  mesh  and 
Ag/AgCl/saturated  KC1  (EG&G,  197  mV  versus  NHE  at  25  °C) 
as  the  counter  and  reference  electrode,  respectively.  Symmet¬ 
ric  cell  configuration  having  one  of  the  two  identical  composite 
electrodes  as  the  reference  was  also  adopted  for  some  of  the 
experiments.  The  electrolyte  solution  was  1  M  salt  aqueous 
solution.  The  CV  curves  were  recorded  by  an  electrochemical 
analyzer  (Eco  Chemie  PGSTAT30).  The  average  specific  capac¬ 


itance  of  the  electrodes  was  calculated  by 


,  _  AQ  _  (f/d V)/s 

avg  wAV  A  V/w 


where  AQ  is  the  total  amount  of  charge  accumulated  over  a 
potential  window  A  V;  w  the  mass  of  active  material  in  an  elec¬ 
trode;  /the  current;  s  is  the  potential  scan-rate. 


3.  Results 


3.1.  Micro  structural  characterizations 

Microstructural  and  electrochemical  characterizations  have 
been  carried  out  mainly  on  the  powder  with  the  ferrite  to  CB 
weight  ratio  of  1:1.  Optimization  of  CB  content  has  also  been 
carried  out  based  on  the  overall  specific  capacitance.  As  pre¬ 
viously  reported  [16],  the  precipitate  powder  starts  to  exhibit 
capacitive  behavior  only  when  calcination  was  carried  out  at 
temperatures  above  300  °C.  Fig.  1  shows  the  synchrotron  XRD 
patterns  of  the  powders  calcined  between  300  and  400  °C. 
All  the  important  reflections  of  the  spinel  MnFe203  phase 
began  to  appear  at  300  °C,  and  the  peaks  became  increasingly 
sharpened  with  increasing  calcination  temperature.  The  aver¬ 
age  crystallite  sizes  have  been  determined  by  using  the  Scherrer 
equation  based  on  the  full  width  at  half  maximum  intensity 
of  the  (3  11)  peak  of  the  ferrite  phase,  and  they  are  listed 
in  Table  1.  The  ferrite  crystallite  size  increases  from  2.5  to 
^23  nm  as  the  calcination  temperature  increases  from  300  to 
500  °C. 

TEM  micrograph  of  the  powder  calcined  at  350  °C  is  shown 
in  Fig.  2.  Two  different  types  of  particles  can  be  distinguished. 
The  CB  particles  show  granular  appearance  with  sizes  ranging 
from  50  to  70  nm,  while  the  ferrite  particles,  which  appear  darker 
and  randomly  dispersed  onto  CB  surface,  exhibit  sizes  ranging 
from  a  few  to  ~  10  nm.  The  sizes  of  the  ferrite  particles  are  close 
to  the  crystallite  size  determined  by  XRD  (Table  1),  indicating 
that  every  particle  is  basically  a  single  crystal. 


Fig.  1.  X-ray  diffraction  patterns  of  the  co -precipitated  MFe2 04/carbon  black 
powders  calcined  at  different  temperatures. 
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Table  1 

The  microstructural  and  electrochemical  data  of  MnFe2 04/carbon  black  (weight 
ratio  =  1:1)  composite  powders  in  1  M  NaCl  solution 
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Sample  no. 

Calcination 
temperature  (°C) 

Crystallite 
size  (nm) 

Specific  capacitance 
(F  (g  composite)- 1 ) 

1 

300 

2.5 

50.6 

2 

350 

13.2 

56.2 

3 

400 

17.6 

41.6 

4 

500 

23.2 

14.8 

Fig.  3  shows  the  BJH  pore  size  distributions  and  BET  surface 
areas  for  both  CB  and  the  350  °C-calcined  composite  powders. 
The  CB  powder  has  a  porous  structure  containing  predomi¬ 
nantly  mesopores  with  a  total  pore  volume  of  0.48  cm3  g-1. 
The  specific  surface  area  is  about  220  m2  g_1,  of  which  one- 
third  is  associated  with  micropores.  The  presence  of  the  ferrite 
particles  appears  not  dramatically  to  alter  the  pore  distribution 
and  pore  volume  originally  presented  in  the  CB  substrate.  This 
ensures  the  presence  of  sufficient  voids  in  the  electrode  to  serve 
as  electrolyte  reservoirs,  which  will  be  important  for  high  rate 
capability.  On  the  other  hand,  the  surface  area  did  exhibit  a  quite 
significant  decline,  from  220  m2  g-1  for  pure  CB  to  160  m2  g-1 
for  the  350  °C-composite.  As  shown  in  Fig.  3b,  the  loss  is  mainly 
within  the  pore  diameter  range  below  3  nm.  A  significant  portion 
of  the  micropores  of  the  CB  substrate  was  likely  filled  up  with 
the  resulting  ferrite  particles,  causing  the  surface  area  reduction. 
The  surface  area  further  decreases  to  92  m2  g-1  when  calcina¬ 
tion  temperature  was  raised  to  500  °C.  This  change  is  believed 
to  result  from  coarsening  and  agglomeration  of  MnFe2C>4  crys¬ 
tallites.  As  shown  in  Table  1,  the  capacitances  of  the  composite 
powder  first  increase  and  then  decrease  with  calcination  tem¬ 
perature  with  the  maximum  taking  place  at  350  °C.  The  ini¬ 
tial  capacitance  increase  with  temperature  can  be  attributed  to 
improved  crystallinity  of  the  ferrite  phase  [16],  while  the  reduc¬ 
tion  at  higher  temperatures  is  due  to  the  loss  in  surface  area  for 
both  CB  and  ferrite. 


Fig.  2.  TEM  micrograph  of  MnFe2C>4 /carbon  black  composite  powder  with  the 
weight  ratio  of  1 : 1 . 


Fig.  3.  (a)  The  BJH  pore  volume  (V)  distributions  and  (b)  the  surface  area  (A) 
distributions  of  (O)  CB  and  (A)  MnFeaCC/CB  composite  powder  calcined  at 
350  °C.  D  represents  pore  diameter. 

3.2.  Electrochemical  and  spectroscopic  analyses 

Fig.  4  compares  the  voltammograms  of  single  composite  (fer- 
rite:CB  =  1:1)  electrode  performed  in  1  M  aqueous  solutions  of 
MCI,  where  M  =  Li,  Na,  K,  and  Cs,  and  CaCb  electrolytes  at 
the  scan-rate  of  20  mV  s  .  The  curves  show  similar  line  pro¬ 
files,  exhibiting  fairly  rectangular  shape  with  a  couple  of  broad 
redox  peaks  within  intermediate  potential  range.  The  electrode 
exhibits  the  largest  capacitance  (56  Fg-1)  in  NaCl(aq)  and  the 
smallest  value,  43.5  F  g-1-MnFe204,  in  CsCl(aq). 

By  switching  the  anion  of  the  electrolyte  from  Cl-  to  SC>42~ , 
there  was  observed  a  significant  (^30%)  reduction  in  capaci¬ 
tance,  but  the  line  profile  remains  essentially  the  same  (Fig.  5), 
meaning  that  the  fundamental  charge-transfer  mechanism  has 
not  been  changed.  In  contrast,  when  the  sulfite  salt,  Na2SC>3, 
is  used,  the  potential  window  for  pseudocapacitance  shifts 
markedly  to  lower  potentials,  between  —0.8  and  0.1  V,  and  the 
line  profile  becomes  completely  different.  In  fact,  the  line  pro¬ 
file  bears  great  resemblance  to  what  has  been  seen  for  Fe3C>4 
in  the  same  electrolyte  [15],  and  it  has  been  attributed  to  the 
redox  reactions  of  the  sulfite  anions.  This  reaction  mechanism 
is  apparently  not  applicable  to  the  solutions  of  either  the  chlo- 
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Fig.  4.  Voltammograms  of  MnFe204/CB  composite  electrode  in  different  alkali 
and  alkaline  salt  electrolytes.  Scan-rate  is  20  mV  s-1. 

ride  or  sulfate  salts.  This  study  will  focus  mainly  on  the  chloride 
electrolyte  solutions. 

Fig.  6a  and  b  shows  respectively  the  Mn  and  Fe  K-edge 
XANES  spectra  of  the  composite  electrode  acquainted  in  situ 
during  a  cathodic  scan  from  0.8  to  —  0.1V  with  respect  to 
Ag/AgCl.  The  main  edge  energy  is  known  to  increase  with 
increasing  valence  of  the  detected  metal  ion  [17].  As  shown, 
the  K-edge  energies  for  both  Mn  and  Fe  shift  to  lower  energies, 
suggesting  decrease  in  valence,  during  the  cathodic  sweep.  The 
edge  energies  were  found  to  shift  back  to  higher  energies  during 
the  subsequent  oxidative  sweep  (not  shown).  These  results  give 
direct  evidence  to  charge-transfer  at  both  the  Mn  and  Fe  sites, 
and  the  origin  of  the  capacitance  is  indeed  pseudocapacitance 
in  nature. 

The  tests  for  capability  of  high-power  delivery  and  cycle  sta¬ 
bility  were  carried  out  by  adopting  the  symmetric  cell  configura¬ 
tion.  The  voltammograms  of  the  symmetric  cell  in  different  chlo¬ 
ride  salts  solution  are  shown  in  Fig.  7.  The  profiles  are  consistent 
with  what  can  be  deduced  from  the  data  of  the  three-electrode 


E  vs.  Ag/AgCl  (V) 


Fig.  5.  Voltammograms  of  MnFe2C>4/CB  composite  electrode  in  different  anion- 
substituted  electrolytes.  Scan-rate  is  20  mV  s_1. 


Fig.  6.  (a)  The  Mn  K-edge  and  (b)  Fe  K-edge  XANES  spectra  taken  in  situ  along 
the  course  of  reduction  in  1  M  KCl(aq).  The  insets  enlarge  the  center  portion  of 
the  main  absorption  edges. 

configuration  (Fig.  4).  The  data  for  the  rate  dependence  of  capac¬ 
itance  were  collected  in  Fig.  8.  In  general,  the  rate  dependence  is 
insensitive  to  the  type  of  cation  in  the  electrolyte,  and  it  decreases 
by  ~15%  as  the  scan-rate  increases  from  20  to  200  mV  s  1 , 
except  for  the  case  of  KC1  showing  a  less  reduction,  ~9%. 

Fig.  9  depicts  the  voltammograms  of  a  symmetric  cell  col¬ 
lected  at  temperature  ranging  from  0  to  20  °C.  All  the  current 
profiles  still  exhibited  the  characteristics  of  a  capacitor  but  slight 
reduction  in  current  with  decreasing  operating  temperature  was 
noticed.  At  the  scan-rate  of  20  mV  s-1,  the  electrode  can  pro¬ 
vide  at  0°C  ^85%  of  the  capacitance  at  20  °C.  Plotting  the 
capacitance  versus  1  IT  gives  an  “apparent”  activation  energy 
of  10.3  kJ  mol-1,  which  is  close  to  the  activation  energies  for 
equivalent  conductivities  of  alkali  ions  in  aqueous  solution  [18]. 
It  may  suggest  that  the  rate-limiting  step  to  the  capacitance  in 
the  present  cell  resides  in  ion  diffusion  in  electrolyte  solution. 
Furthermore,  when  cycled  within  the  potential  range  of  ±  1 .0  V, 
the  cell  exhibited  no  capacity  decay  after  3000  cycles  (Fig.  10). 
As  shown,  this  is  in  great  contrast  to  a-MnC>2  electrode,  which 
typically  shows  significant  capacitance  decay  after  only  a  few 
hundred  cycles  in  the  same  electrolyte  solution. 
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Fig.  7.  Voltammograms  for  symmetric  cell  of  MnFe204/CB  in  different  1  M 
aqueous  electrolytes  (scan-rate:  20  mV  s-1). 

Upon  being  charged  under  a  constant  current,  the  cell  elec¬ 
trodes  showed  potential  increase  until  reaching  a  plateau,  where 
the  applied  current  is  equal  to  the  leakage  current  (Fig.  11).  With 
an  operating  potential  of  1  V,  the  leakage  current  is  ~  10  mA  g~ 1 , 
which  corresponds  to  ^0.3  mAF-1  of  a  symmetric  cell. 

The  self-discharge  behaviors  of  the  composite  electrodes 
were  characterized  by  recording  chrono-voltage  curves  on  open- 
circuit  after  individual  symmetric  cell  being  charged  to  1 .0  V. 
Fig.  12  compares  the  curves  for  pure  CB  cell  and  the  composite 
cells  of  difference  CB-to-ferrite  weight  ratios.  As  shown,  the 
CB  cell  exhibits  the  fastest  voltage  decay,  and  the  decaying  rate 
is  progressively  reduced  with  increasing  ferrite  content  up  to 
70%.  The  decreasing  trend  in  the  decaying  rate  with  ferrite  con¬ 
tent  matches  with  the  increasing  trend  in  specific  capacitance  of 
the  composite  electrodes,  which  will  be  described  in  the  follow¬ 
ing  section.  This  can  be  understood  by  considering  the  relation: 
dV/dt=  (1/C)/S,  where  C  is  capacitance  and  4,  leakage  current. 
Therefore,  the  voltage  decaying  rate  decreases  with  increasing 
capacitance.  It  is  also  noted  (Fig.  12)  that  the  voltage  decaying 


Fig.  8.  Effect  of  scan-rate  on  capacitance  of  MnFe2C>4/CB  electrode  in  different 
electrolytes.  C(20  mV  s“ 1 )  represents  the  capacitance  determined  at  20  mV  s_  1 . 


Fig.  9.  Voltammograms  of  symmetric  cell  of  MnFe204/CB  with  1  M  NaCl  elec¬ 
trolyte  under  different  operating  temperatures  (scan-rate:  20  mV  s_1). 


rate  of  the  a-MnC>2  cell  is  similar  to  the  composite  cells  with 
ferrite  contents  >50%. 

3.3.  Optimization  of  electrode  composition 

The  presence  of  CB  in  the  electrode  does  have  several  advan¬ 
tages.  For  one,  it  helps  to  disperse  the  ferrite  particles  so  as 
to  increase  the  surface  area  of  the  ferrite  materials.  Secondly, 
the  pores  of  CB  serve  as  reservoirs  of  the  electrolyte.  Finally, 
the  CB  component  provides  a  high-conducting  path  within  the 
electrode.  However,  its  specific  capacitance  (~10.0Fg-1  in 
1  M  NaCl  at  20  mV  s-1)  is  much  lower  than  that  of  the  ferrite 
phase.  Effort  was  hence  made  to  optimize  the  ferrite :CB  weight 
ratio  for  maximum  capacitance.  Fig.  13  shows  the  voltammo¬ 
grams  of  electrodes  having  different  ferrite  contents  acquired  in 
NaCl(aq)  electrolyte.  All  the  current  profiles  still  show  charac¬ 
teristics  of  a  capacitor.  The  electrode  capacitance  first  increases 
and  then  decreases  with  increasing  ferrite  content  with  the  max- 


Fig.  10.  Capacitance  retention  of  symmetric  cells  of  (•)  MnFe2C>4/CB  and  (■) 
a-MnC>2  in  1  M  NaCl  electrolyte  at  20  °C  with  an  operating  potential  range  of 
0.0-1. 0  V. 
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Fig.  11.  Chronopotentiometric  curves  under  constant  current  charging  for 
symmetric  cell  of  MnFe204/CB  in  1  M  NaCl  electrolyte  at  20  °C.  Key:  (1) 
25 mAg-1,  (2)  10mA g-1,  (3)  2.5 mAg-1,  and  (4)  1  mAg-1. 

imum  capacitance  of  ~65Fg-1  at  ferrite :CB  =  7:3  (Fig.  14a). 
Taking  into  account  of  the  theoretical  densities  of  carbon  and 
the  ferrite,  ^2.2  and  4.9 gem-3,  respectively,  and  BET  data 
gives  the  volume  ratios  of  ferrite :CB: pore  ~  1.0: 1.0:0. 9  for  the 
optimum  powder.  The  optimum  weight  ratio  remains  the  same 
for  the  composite  powders  calcined  over  the  entire  temperature 
between  350  and  500  °C  (Fig.  14a).  One  notes  the  dramatic  drop 
in  capacitance  as  the  ferrite  content  passes  over  the  optimum 
value.  For  the  70%-ferrite  electrode  calcined  at  350  °C,  its  rate 
dependence  follows  closely  to  that  shown  in  Fig.  8,  and  exhibited 
a  capacitance  of  ^55  F  g-1  at  the  scan-rate  of  200  mV  s-1 .  This 
corresponds  to  a  specific  energy  of  7.6Whkg-1  at  the  power 
density  of  1 1  kW  kg-1 . 

The  capacitances  of  the  ferrite  phase  in  these  composite  elec¬ 
trodes  are  estimated  by  assuming  the  contribution  of  the  CB 
substrate  remains  constant  (~10.0Fg-1).  As  mentioned  above 
(Fig.  3),  the  overall  BET  surface  area  is  in  fact  reduced  by  load¬ 
ing  of  the  ferrite  material,  particularly  after  calcination.  Thus,  the 


Fig.  12.  Self-discharge  for  symmetric  cells  of  CB,  MnFe204/CB  composites  of 
different  weight  ratios,  and  a-MnC>2  (dashed)  in  1  M  NaCl  solution  at  20  °C. 


Fig.  1 3 .  Voltammograms  of  the  composite  electrodes  of  different  ferrite  contents 
in  1  M  NaCl  electrolyte  at  scan-rate  of  20  mV  s-1 . 

assumption  gives  an  upper  bound  to  the  contribution  of  the  CB 
component,  and  hence  a  lower  bound  to  the  ferrite  phase  in  every 
electrode.  The  estimated  specific  capacitances  for  the  ferrite 
material  in  different  electrodes  are  summarized  in  Fig.  14b.  For 


Fig.  14.  The  specific  capacitances  based  on:  (a)  the  total  electrode  weight  and 
(b)  the  MnFe2C>4  component  as  a  function  of  ferrite  contents. 
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those  calcined  at  either  400  or  350  °C,  the  specific  capacitance  of 
the  ferrite  component  remains  fairly  constant  with  weight  ratio 
up  to  the  loading  of  50%,  above  which  the  specific  capacitance 
starts  to  drop.  It  is  believed  that  agglomeration  among  the  ferrite 
particles  becomes  increasingly  significant  above  this  threshold 
loading.  The  saturation  capacitance  for  the  ferrite  phase  calcined 
at  350  °C  is  ^105  Fg-1  (Fig.  14b).  The  data  for  500  °C  does  not 
exhibit  the  same  trend.  This  may  be  due  to  the  fact  that  the  capac¬ 
itances  of  these  electrodes  are  low,  and  the  errors  arising  form 
the  assumption  of  capacitance  for  CB  are  too  large  to  neglect. 

4.  Conclusion 

MnFe204-CB  composite  powders  have  been  synthesized  and 
characterized  for  their  electrochemical  properties.  The  compos¬ 
ite  shows  pseudocapacitance  in  solutions  of  chloride,  sulfate  and 
sulfite  salts  of  alkali  and  alkaline  cations,  with  NaCl  solution 
giving  the  highest  capacitance.  For  the  chlorides  and  sulfates 
electrolytes,  the  pseudocapacitance  is  associated  with  charge- 
transfer  at  both  the  Mn  and  Fe  sites.  In  1  M  NaCl,  the  compos¬ 
ite  electrode  exhibits  an  operating  potential  window  of  1.0  V 
with  a  maximum  leakage  current  of  0.3  mA  F-1,  and  it  exhibits 
superior  cycling  stability  to  the  a-Mn02  electrode  in  the  same 
electrolyte  solution.  The  specific  capacitance  and  self-discharge 
behavior  of  the  composite  depend  strongly  on  the  ferrite  content, 
and  the  optimum  capacitance  occurs  at  ferrite  :CB  weight  ratio 
of  7:3. 
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